Abstract-This paper presents a first evaluation of the ESPRIT approach in polarimetric interferometric SAR. This evaluation is carried out by using 3D images obtained by SAR tomographie like an alternative to the acquisition of ground-truth data, which is an extremely complex task in the case of volume areas. All parameters over a volumetric area are directly visible in a tomographic image and can, therefore, be employed to validate the ESPRIT approach by comparing parameters generated by ESPRIT and the SAR tomography approach. This allows to identify the principal deficiencies of the ESPRIT method, which occur over high vegetation areas, where there is a misinterpretation of the ESPRIT results. Whereas, the ESPRIT approach is useful for building characterisation, identifying a good applicability area.
I. INTRODUCTION
Recently, new polarimetric interferometric approaches were developed in order to link the physical nature and the associated interferometric phase. One of them is based on a coherence optimisation procedure [1] , other approaches introduce high resolution methods like ESPRIT, Capon, often employed for Direction-of-Arrival estimation using antenna array [2] . For volume areas, like forested terrain, it was proposed that this algorithm is able to retrieve the interferometric phase of the ground and the canopy [2] . In [3] , this approach is extended over built-up area taking into account the nature of the different scattering mechanisms. Although this method has shown its principal potential, an open issue is still the precise validation of the estimated parameters.
This paper presents a first evaluation of the ESPRIT approach in polarimetric interferometric SAR (POLINSAR). In section II, the ESPRIT approach in POLINSAR is presented with a phase interpretation of results of airborne L-band repeat-pass interferometric data of the German Aerospace Center (DLR) experimental airborne SAR. As the acquisition of ground-truth data is an extremely complex task in the case of volume parameters, 3D images obtained by SAR tomography are used as an alternative [4] , [5] . The tomography technique is presented in section III. All parameters over a volumetric areas are directly visible in a tomographic image and can, therefore, be employed to validate the ESPRIT approach by comparing interferometric phases given by ESPRIT and by the SAR tomography. This allows to identify areas of good applicability, as well as principal deficiencies of the ESPRIT method, proposed in section IV. Section V gives conclusions about this work.
II. INTERFEROMETRIC PHASE ESTIMATION USING ESPRIT APPROACH
The ESPRIT (Estimation of Signal Parameters via Rotational Invariance Techniques) method is a high resolution method used to detect a signal inside noisy observations [6] . It is a signal subspace based algorithm, which has high resolution and is computationally efficient. The main idea of signal subspace approaches is to transform the observation space, given by the sensor signals, into two subspace: signal and noise, which are orthogonal. In particularly, the ESPRIT approach exploits a displacement invariant property.
The ESPRIT algorithm may be extended to SAR data analysis as SAR data correspond to a coherent sum of different scattering mechanisms. Additionally, SAR data are affected by additive (thermal) and multiplicative (speckle) noise. Finally, a single baseline POLINSAR system acquirement possesses an invariant property: the baseline.
A. POLINSAR signal model
POLINSAR signal model takes into account different parameters: the amplitude of the observed scatterer, the polarimetric and interferometric information. Such a model, adapted to the ESPRIT algorithm, has been proposed in 2001 by Yamada et. al. [2] . Signals acquired during a polarimetric interferometric measurement, s 1 and s 2 , may be written as: denotes additive Gaussian noise in the pq polarisation channel. Using a matrix and vector notation, (1) may be written as: 
The form of (2) and (3) is adapted to the ESPRIT algorithm. Thus the interferometric phase of each dominant scatterer, given by [Φ], can be estimated by this method [6] .
B. Application to real SAR data
The interferometric phase estimation steps using the ES-PRIT algorithm are as follows:
1) compute the covariance matrix,
3) estimate the number of dominant scattererd by a polarimetric technique based on an eigenvalue spectral analysis [7] , [3] (d is assumed to be inferior to the total number of polarisation channels, in this case, d 3). 4) obtainÊ s whose column are the eigenvectors corresponding to thed largest eigenvalue ofR kk and decompose it to obainÊ 1 andÊ 2 :
5) compute the eigendecomposition (λ 1 > · · · >λ 2d ):
6) partition ofÊ intod ×d submatrices:
7) calculate the eigenvalues ofΨ = −Ê 12Ê
−1
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: λ k and obtain the estimate of the interferometric phase ofd dominant scatterers:
The use of the algorithm proposed above provides the interferometric phases of dominant scattering mechanisms, but does not give any information about the nature of the scattering mechanisms itself.
The analysis method mentioned above is applied to experimental SAR images data of the Oberpfaffenhofen test site, acquired by the DLR E-SAR sensor. These data-sets are fully polarimetric, in L-band, repeat-pass mode, with a baseline around 6 m to avoid phase unwrapping. Fig 1 gives the interferometric phase profiles over a forest area. The ESPRIT algorithm leads two optimum interferometric phases φ opt1 and φ opt2 . An interpretation of these results is given in [2] . The lowest phase, in bold-dashed, corresponds to the ground scattering contribution. The highest phase, in boldsolid, corresponds to the canopy scattering contribution. Fig 2 gives the ESPRIT interferometric phase profiles over a building areas. In [3] , an interpretation of the ESPRIT interferometric phase is given. The ESPRIT algorithm gives two optimised interferometric phases, φ opt1 and φ opt2 , one for each dominant scattering mechanism. It is possible to denote two phase behaviours in this scenario. Over (A) and (B), the difference between φ opt1 and φ opt2 is high, denoting vegetation. Over (C), on the other hand, the interferometric phase behaviour is different. This indicates the presence of a building [3] .
1) Phase estimation over forested areas:
2) Phase estimation over building areas:
These two examples show the principal potentials of the ESPRIT approach: easy to implement, direct interpretation of the results. Nevertheless, an open issue is still the precise validation of the estimated parameters. As the acquisition of ground-truth is an extremely complex task in the case of volume parameters, the validation of the ESPRIT approach is performed by comparing results given by the ESPRIT method with those obtained by a tomographic approach [4] , [8] , [5] . Indeed, all parameters over a volumetric area are directly visible in a tomographic image [8] , [5] .
III. SAR TOMOGRAPHY SAR tomography is the extension of conventional twodimensional SAR imaging principle to three dimensions [4] , [9] , [8] , [5] . it consists in focusing several SAR images in the third dimension, in order to image volumetric area, such as forests or cities. This means to form a synthetic aperture along the direction perpendicular to azimuth and to the line of sight. The geometry of a tomographic data acquisition uses typically K interferometric tracks non uniformly spaced, which observe the same scene. From this K images, 3D profiles might be extracted make it possible to detect target under a covered volume or to generate 3D images of building.
Tomographic SAR data can be processed using the SPECAN (SPECtral ANalysis) algorithm. This is a two step algorithm, based on a deramping of the signal, followed by a subsequent focusing step. The deramping step corrects the quadratic phase variation, occurring during tomographic data acquisition [4] . The focusing step is performed using standard high resolution methods such as Fourier, Capon, and MUSIC [9] , [8] , [5] .
The different methods have been applied to a L-band data set of the E-SAR. The data were acquired in May 1998 on the test site of Oberpfaffenhofen/Germany, and are the same that those used to experiment the ESPRIT approach. During the campaign fully polarimetric data sets were recorded from K =14 parallel flight tracks with a respective distance of approximatively 20 meters. With this data the errors arising from the aircraft movements are compensated by a new approach of motion compensation during SAR processing [10] . To minimise small errors in the absolute positioning of the aircraft, also a calibration of the image phases, based on the response of a single corner reflectors is performed. Fig. 3 represent height/azimuth slices of tomograms obtained using Capon (top) and MUSIC (bottom) approaches, respectively. The left part of the scene is constituted by a dense spruce forest with a height of 15 to 20 meters [4] . Then, the azimuth slice crosses a street, some bushes and a building. The right part of the scene consists of nearly flat grass land with a corner reflector. The Capon-based approach makes it possible to see the ground under the forest, which corresponds essentially to a double-bounce ground-trunk [5] , and to hold for the canopy density. It is also possible to determinate a height of about 20 meters for the trees. Using the MUSICbased approach, the shape of the building is better visualised, as well as the ground of the grass field. It is also possible to estimate the height of the corner reflector. Over the forest, ground and canopy reflection can be expected. Interferometric phases obtained, semi-automatically, from tomographic results Fig. 3 . The test site is composed of a forest, street, bushes, and a building. Fig. 4 represents interferometric phases estimated from tomographic results Fig. 3 using the same geometrical parameters as data used for the ESPRIT approach. These results are obtained from a semi-automatic procedure which use all tomographic results (Capon, MUSIC, . . . ). The test site chosen describes different scatterers often encountered in SAR data: forest, street, bushes, and a building. The interferometric phases obtained can be interpreted differently depending on the nature of the different observed scatterers.
TOMOGRAPHY -CAPON
IV. EVALUATION OF THE ESPRIT APPROACH
Over high vegetation areas, like forest or bushes, the interferometric phases represent the ground under the canopy, the top and bottom canopy. This interpretation is given by analysing the Capon-based tomogram (Fig. 3 top) .
The interferometric phase has been extrapolated over the street part. Indeed, there is no wave reflection possible over asphalt structure.
The last scatterer under study corresponds to a building. In this case, two interferometric phases can be calculated. One describes the top (or roof) of the building. The second represents the visible part of the ground. This is particularly with the fact that the building is not positioned perpendicularly (or in parallel) with the radar line of sight.
In order to validate the ESPRIT approach, two interferometric phases have been computed using the ESPRIT method from the same test site used with the tomographic approach. Over high vegetation areas: One ESPRIT interferometric phase follows the tomographic phase corresponding to the top of the canopy. The second ESPRIT interferometric phase has a behaviour that is more complex to define. It jumps between tomographic phases corresponding to the ground and the bottom canopy. This indicates that there are more than two dominant scatterers in forest areas, as proposed and used in [2] . As shown by the Capon-based tomogram (Fig. 3) , the entire canopy of the forest and the ground, which corresponds to a ground-trunk reflection [5] , possess strong reflections. Like the ESPRIT algorithm needs an estimation of the number of dominant scatterers, which is "forced" to two, the obtained results indicates that on the one hand, one of the dominant scatterer corresponds to the top canopy of the forest, on the other hand, the second "forced" dominant scatterer cannot be precisely determined. This is with the fact that there are a coherent combination between bottom canopy and the ground-trunk reflection. Thereby, over high vegetation area, one ESPRIT interferometric phase retrieves the top canopy, whereas there is a misestimation of the ground using the second ESPRIT interferometric phase. On the other sense, the model used to interpret the ESPRIT interferometric phase behaviour is not sufficient. Nevertheless, the ESPRIT interferometric phase behaviour can be used to localise precisely high vegetation areas [3] .
Over the street: The estimation of the ESPRIT interferometric phase is not possible. Indeed, over low signal-to-noise ratio area, the ESPRIT algorithm fails. It might mentioned that this kind of areas is often surface area and the estimation of the topography is not difficult by using normal interferometric approach.
Over the building: The ESPRIT interferometric phases possess the expected behaviour. One describes the top of the building, the second represents the ground behaviour under the building, as shown in Fig. 4 . This means there are at least two separable dominant mechanisms over building. The ESPRIT approach can be used to characterise building in its natural surrounding [3] .
V. CONCLUSION
The ESPRIT approach is an alternative approach to estimation interferometric phase of dominant scatterers. One of its principal drawback is that the ESPRIT method gives any information about the nature of the dominant scatterer obtained. So as to stage this disadvantage, diffusion models are used to interpret the behaviour of the phases under study, especially over forest areas.
This first evaluation of the ESPRIT approach in polarimetric interferoemtric SAR is based on the comparison between interferometric phases obtained using the ESPRIT method and using a tomographic approach.
Deficiencies of the ESPRIT approach are observed at the time of the analysis of forest areas. The ESPRIT phase behaviour does not follow exactly the prediction proposed by the used diffusion model. The ESPRIT approach is not sufficient to determine the ground over the forest. In the future, a determination of the nature of scattering mechanisms should be carried out, by integrating other polarimetric interferometric procedure.
On the other hand, the ESPRIT procedure can be used to characterise buildings in their surrounding environment, what represents a good applicability of the ESPRIT method.
